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We demonstrate microwave dressing on ultracold, fermionic 23Na40K ground-state molecules and
observe resonant dipolar collisions with cross sections exceeding three times the s-wave unitarity
limit. The origin of these collisions is the resonant alignment of the approaching molecules’ dipoles
along the intermolecular axis, which leads to strong attraction. We explain our observations with
a conceptually simple two-state picture based on the Condon approximation. Furthermore, we
perform coupled-channels calculations that agree well with the experimentally observed collision
rates. While collisions are observed here as laser-induced loss, microwave dressing on chemically
stable molecules trapped in box potentials may enable the creation of strongly interacting dipolar
gases of molecules.
Strong, long-range dipolar interactions turn ultracold
molecules into a promising platform for simulating quan-
tum many-body physics [1–5], precision measurements
of fundamental constants [4, 6, 7], quantum computa-
tion [8–10], and quantum state-resolved chemistry [11–
14]. Recent years have seen the production of several
species of such dipolar molecular gases in the ultra-
cold regime [14–22]. A common way to induce dipo-
lar interactions in these systems is the application of
static electric fields that align molecules in the laboratory
frame. To acquire dipoles on the order of the molecule’s
body-frame moment d0 requires fields on the order of
E ∼ Brot/d0 ∼ kV/cm, where Brot is the rotational con-
stant. The presence and strength of the static electric
field can be technically inconvenient.
In contrast, weak microwave electric fields that drive
rotational transitions near resonance can lead to dipole
moments on the order of the maximum value d0. For
example, dressing between the ground and first excited
rotational states of a diatomic molecule yields dipole mo-
ments as large as the transition dipole moment for the
electric dipole transition, d0/
√
3, and thus dipolar inter-
actions as large as 1/3 of the maximum value at a given
distance.
Induced interactions via microwave dressing of
molecules is a crucial component of several proposals
to create exotic states of matter in bulk [2, 23–26] and
lattice quantum gases [27, 28]. In addition, standing-
wave microwave fields in resonant cavities have been
proposed to trap polar molecules [29–31]. Furthermore,
engineering repulsive interactions via microwave dress-
ing can potentially shield molecules from binary colli-
sions [2, 23, 32–35], which limit the lifetime of bulk molec-
ular gases both in chemically reactive [36, 37] and non-
reactive species [10, 17, 38–40] in the presence of trapping
light [41]. Despite the promise of microwave dressing, its
effect on collisional properties has not been studied thus
far in ultracold dipolar molecules.
In this letter, we observe strong microwave-induced in-
teractions between fermionic 23Na40K molecules. The
employed microwaves address the transition between the
ground and the first excited rotational state. Microwave
dressing enhances the probability for two molecules
to reach short-range, where they can undergo light-
assisted chemical reactions in the presence of the trapping
laser [41]; while ultimately this photoinduced loss can be
eliminated by using repulsive box potentials [42, 43], here
the loss is employed as an efficient detector for the two-
body collision cross section. We find that dressing leads
to resonant dipolar collisions whereby the dipoles of ap-
proaching molecules align with the intermolecular axis.
This results in strong attractive interactions even for mi-
crowave detunings larger than the Rabi coupling, which
we explain using a two-state model based on the Condon
approximation [44, 45]. At all detunings, the collision
cross sections are modelled quantitatively by coupled-
channel calculations.
To start our experiment, we prepare a molecular gas
in the absolute electronic, vibrational, rotational and hy-
perfine ground state, as described in Ref. [19, 38, 46].
In short, ultracold atomic mixtures of 23Na and 40K are
confined in an optical trap at 1064 nm and cooled to a
temperature of T = 560(80) nK. 23Na40K molecules are
coherently associated from this sample and initialized in
the lowest vibrational, rotational and hyperfine state of
the ground electronic X1Σ+ manifold, with a peak den-
sity of 3.2(3)× 1010 cm−3. Without any external elec-
tromagnetic fields, ground state 23Na40K molecules have
zero laboratory-frame dipole moment and experience no
first-order dipole-dipole interaction. The dominant in-
teraction is the background rotational van der Waals
(vdW) interaction resulting from second-order dipolar
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FIG. 1. Microwave dressing in 23Na40K. (a) Schematic en-
ergy level diagram, labeled by rotational quantum numbers
J,mJ and microwave photon number N . Hyperfine struc-
ture is omitted for simplicity. The rotational ground state
|J = 0,mJ = 0〉 is coupled by a σ+-polarized microwave field
to the lowest energy state in the J=1 manifold, |1, 1〉, re-
sulting in dressed states |−〉 , |+〉. Higher-lying “spectator”
states (i.e., |1, 0〉 and |1,−1〉) are not coupled by the mi-
crowaves. Molecular wavefunctions are depicted with color
encoding the wavefunction’s phase. (b) Level scheme with
the relevant molecular states for Autler-Townes spectroscopy.
A microwave field with Rabi frequency ΩR/2pi= 7 kHz is used
to address the |g2〉→ |f〉 transition. The weaker probe mi-
crowave field has a frequency detuning δP that is scanned
around the |g1〉→ |f〉 transition. (c) An Autler-Townes dou-
blet is observed when scanning the probe microwave. The
solid line shows a double Lorentzian fitted to the lineshape.
coupling to the first rotationally excited state [19]. A
microwave field near the resonance of the transition be-
tween the ground (rotational angular momentum quan-
tum number J = 0) and the first excited (J = 1) rota-
tional state is applied, thereby inducing a time-varying
dipole moment in each molecule. The levels are spaced
by the rotational splitting 2Brot = 5.643 GHz, as shown
in Fig. 1(a). Microwave dressing mixes opposite parity
rotational states and imparts a significant fraction of the
full dipole moment d0 = 2.7 D to the molecules. Tuned to
the transition between J = 0 and J = 1, a resonant circu-
larly polarized microwave field induces a dipole moment
of d0/
√
6≈ 1.1 D [25, 47], rotating with the microwave
electric field. The different hyperfine states of the first
rotationally excited manifold are identified through mi-
crowave spectroscopy [38]. States are described in the
nuclear-spin uncoupled basis |J,mJ ,mINa ,mIK〉, which
is an eigenbasis for the J = 0,mJ = 0 manifold. States in
J = 1 are hyperfine-mixed superpositions of these basis
states [38]. Therefore, a microwave field with well-defined
polarization can couple the absolute ground hyperfine
state, |g1〉 ≡ |0, 0,−4, 3/2〉, to multiple J = 1 states. Fur-
thermore, the microwave antenna produces radiation at
all polarizations: pi, σ+, and σ− [47].
To demonstrate the presence of microwave dressing, we
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FIG. 2. Observation of resonant dipolar collisions be-
tween dressed molecules. (a) Dressed energies as a function
of the microwave frequency detuning δ from the |g1〉→ |f〉
transition, at 129 G. δ is swept from far-off-resonance (typ-
ically 12 kHz below δfinal) to a final detuning at a rate of
3 kHz ms−1 and held for a varying hold time t. (b) Evolu-
tion of the molecule number under microwave dressing with
ΩR/2pi= 1.7 kHz for δfinal= − 20,−5, and 0 kHz (in blue tri-
angles, red circles, and grey diamonds). A lifetime curve
of |g1〉 taken without microwaves is shown as open circles.
Dashed lines are two-body decay fits. (c) Collision rates (left
axis) obtained from loss coefficients (right axis) of dressed
molecules as a function of δfinal for ΩR/2pi= 1.7 kHz (squares)
and 2.4 kHz (diamonds). The black dot-dashed line shows the
universal p-wave loss at 560 nK [48], the green dotted line in-
cludes the additional loss from first-order dipole-dipole inter-
actions. The unitarity limit for the loss rate from a single
partial wave is shown as the black dashed line. The blue
dashed line shows the coupled-channels prediction, assuming
pure σ+ microwave polarization, and the red line depicts the
rate given by the Condon approximation. Including all mi-
crowave polarizations, the Condon approximation increases
to the red dashed line.
induce an Autler-Townes splitting of the J = 0→ J = 1
transition. A microwave field with Rabi frequency
ΩR/2pi= 7 kHz is applied on resonance with the transi-
tion between |g2〉≡ |0, 0,−3, 3/2〉 and |f〉, predominantly
equal to |1, 0,−4, 3/2〉, as shown in Fig. 1(b). This dress-
ing field induces a splitting of the excited state, which
is probed by scanning the frequency of a weaker mi-
crowave tuned near the |g1〉→ |f〉 transition. We observe
an Autler-Townes doublet as shown in Fig. 1(c), demon-
strating that the |g1〉 state is only depleted by the probe
field when it is tuned to the dressed resonances.
We find that microwave dressing dramatically en-
3hances molecular interactions. Although 23Na40K should
not experience two-body collisional loss in its electronic
and vibrational ground state, the trapping laser at
1064 nm leads to photoinduced loss at short range [41].
We employ this loss mechanism as a probe for microwave-
induced two-body collisions. To start, the dressing mi-
crowave field is first applied with a frequency far below
the lowest rotational resonance, the |g1〉→ |f〉 transition.
Here, and for the remainder of the paper, |f〉 represents
the lowest energy J = 1 state, which has predominantly
|1, 1,−4, 3/2〉 character. The frequency is then swept
adiabatically from the initial detuning δinitial, where the
molecule in the lower dressed eigenstate |−〉 has predom-
inantly |g1〉 character, to a detuning δfinal near or on the
dressed resonance [see Fig. 2(a)]. Fig. 1(a) depicts the
dressed eigenstate |−〉, which is a superposition of the
states |g1〉 and |f〉. The red-detuned microwaves avoid
driving other hyperfine transitions during the sweep (the
“spectator” states of Fig. 1(a)); the next higher J = 1
state lies 27 kHz above the |f〉 state. The microwave
field is held at its final detuning for a varying amount
of time, allowing collisions to occur, before the detuning
is swept back to δinitial and the remaining |g1〉 molecules
are imaged.
We observe the evolution of the molecule number in
|g1〉 as a function of hold time to extract the loss rate of
the ensemble; examples for certain detunings are shown
in Fig. 2(b). The loss curves are fit to a two-body de-
cay model, where the density n(t) as a function of time
obeys n(t) = n0/(1+βn0t). Here, n0 is the initial average
molecule density and β is the two-body loss coefficient.
The microwave dressing shortens the sample lifetime by
orders of magnitude, compared to the ∼3 s lifetime in the
absence of microwaves [19, 38]. Since both molecules in-
volved in the collision will be lost, the loss rate is related
to the two-body scattering cross section σ by β = 2 〈σv〉,
where 〈. . . 〉 denotes the ensemble average and v the rela-
tive velocity of colliding molecules. We therefore define a
thermally averaged scattering cross section σT =β/2 〈v〉,
with 〈v〉=√8kBT/piµ the average relative velocity and
µ= (mNa +mK)/2 the reduced mass.
Figure 2(c) shows the measured collision cross sec-
tion (red data points, left axis) and associated loss rate
(right axis) as a function of microwave detuning. The
resonant scattering rate is an order of magnitude larger
than rates found in previous experiments [39, 40, 49].
Away from resonance, the scattering cross section is re-
duced but remains orders of magnitude larger than that
of both the bare |g1〉 and |f〉 states in the absence of
microwaves. The bare states feature loss rates of only
β(bare) = 2×10−11 cm3s−1 [19, 38], close to the universal
loss rate of β(universal) = 3×10−11 cm3s−1 [48], which re-
flects the loss when the molecules only experience vdW
interactions under p-wave collisions.
To emphasize how strongly microwave dressing can
modify interactions, the comparison to the s-wave uni-
tarity limit is useful. A single partial wave contributes
at most the unitarity limit, σ(unitarity) = λ2dB/4, limited
by the de Broglie wavelength λdB =
√
2pi~2/µkBT , cor-
responding to a loss rate β(unitarity) = 2~λdB/µ= 1.7 ×
10−9 cm3s−1. For ultracold bosons that undergo only s-
wave collisions, σ(unitarity) and β(unitarity) are upper limits
to the collisional cross section and loss rate, respectively.
For ultracold fermions such as 23Na40K, one might ex-
pect the p-wave centrifugal barrier to prevent molecules
from reaching short-range and thus reduce losses, but
the dipole-dipole interaction suppresses this barrier. For
dressing on a σ+ resonance, the first-order dipole-dipole
interaction is attractive for ML = ± 1, where ML is
the projection of the molecules’ relative angular momen-
tum [47], leading to a p-wave loss rate that is at most
twice the unitarity limit.
In the remainder of the paper we explain the origins
of the dressing-induced collisions. We first consider a
simple description where the molecules in the |−〉 state
only experience background vdW interactions and the
first-order dipole-dipole interaction, neglecting all “spec-
tator states” and the upper dressed state |+〉. In this ap-
proximation, the molecular dipole moments always align
with the rotating electric field. The resulting loss curve,
shown as the green dotted line in Fig. 2(c), is compa-
rable to the unitarity limit near resonance. Away from
resonance where |δfinal|ΩR/2pi, microwave dressing in-
duces a negligible dipole moment and the first order ap-
proximation to the collision rate rapidly decreases to the
universal limit. This disagrees with the experimental loss
rates, which remain an order of magnitude higher than
the bare rate without microwave dressing even for de-
tunings greater than ΩR. Thus, the first order dipole-
dipole effect is insufficient to explain the enhanced colli-
sion rates.
Next, we also consider contributions from the upper
dressed state |+〉, restricting the two-molecule basis to
|−−〉 and (|+−〉+ |−+〉)/√2, written as |−+〉 for conve-
nience in the remainder of the paper. This approximation
is valid at detunings greater than ΩR, when accounting
for only σ+ microwave polarization and neglecting the
presence of “spectator states” |J = 1,mJ = 0〉 and |1,−1〉.
Neglecting these spectators, the dipoles can only ever
point in the direction of the rotating microwave electric
field, i.e., in the x-y plane, as they approach each other
at close range. The interactions will thus be repulsive
if molecules meet along the z-direction (ML = 0) and at-
tractive if they meet in the x-y plane, i.e. for ML = ± 1.
One might therefore expect a maximum p-wave cross sec-
tion of at most twice the unitarity limit corresponding to
the two attractive ML = ± 1 channels for thermal ener-
gies far greater than the barrier height. For red detun-
ings exceeding the Rabi frequency, the adiabatic poten-
tial curves for L = 1, ML = 1 display an avoided cross-
ing between the incoming centrifugal potential ∼~2/µR2,
with negligible dipolar interaction, and the attractive po-
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FIG. 3. Two-state picture of dipolar interactions between
microwave-dressed molecules, valid for detunings larger than
the Rabi coupling, and shown here for ML = 1. (a) Inter-
action potentials for molecules in the |−−〉 and |−+〉 states.
An effective microwave Rabi coupling between the branches
causes an avoided crossing at RC. Excluding spectator states,
the molecules remain aligned with the microwave field. ΩMW
is the effective Rabi frequency between the two states, pro-
portional to ΩR [47]. (b) The same as (a) but including spec-
tator states: the relevant excited potential comes from two
molecules in the Rˆ (|00〉|10〉+ |10〉|00〉) /√2 state [47], which
represents the molecules aligning at short range along the in-
termolecular axis Rˆ. Here, molecules experience strong, reso-
nant dipole-dipole interactions.
tential ∼−hδfinal−d20/12R3+~2/µR2 [see Fig. 3(a)], cor-
responding to the time-averaged dipolar attraction of two
classical rotating dipoles of strength d0/
√
6 approaching
in the plane of rotation. The diabatic potentials cross
at the Condon point RC, and an effective Rabi coupling
leads to a p-wave barrier Vb∼ ~2/µR2C∝ |δfinal|2/3. In-
coming molecules can reach this barrier, entering short
range, leading to high scattering rates even for off-
resonant dressing.
However, a quantitative comparison to the data re-
quires treating the “spectators” |J = 1,mJ = 0〉 and
|1,−1〉, as they are sufficiently close in energy. These
“spectators” enable the molecules to reorient so that
their dipoles point head to tail [see Fig. 3(b)], leading
to resonant dipole-dipole interactions. This occurs when
the dipolar energy overcomes the energy difference be-
tween the dressed incoming state and the state of at-
tractively interacting molecules, or classically, when the
electric field applied by one molecule on the other ex-
ceeds the electric field of the applied microwaves. Thus
at short range the interaction between two microwave-
dressed molecules incoming in the lowest internal state
|−−〉 will always be attractive regardless along which di-
rection the molecules meet, i.e., for all three ML com-
ponents, giving a potential ∼− 2d20/3R3. This resonant
dipolar collision leads to p-wave loss as high as three times
the unitarity limit. Even faster losses require inclusion of
higher partial waves, L> 1. Compared to the spectator-
free case of Fig. 3(a), the barrier height is shifted down
and the Condon point is moved outwards. Losses can
be analytically derived for detunings exceeding the Rabi
frequency by the reflection approximation for the Franck-
Condon overlap [44, 45, 50],
β =
16pi2
9~
(
ΩR
δ
)2
d20 〈jl(kRC)2〉 (1)
where angular brackets indicate averaging over the ther-
mal velocity distribution, k is the collision wavevector,
and jl is the spherical Bessel function of the first kind.
The resulting approximation is shown as the solid red
line in Fig. 2(c).
For a full model of the observed loss curves we employ
coupled-channel (c.c.) calculations [47] [see the dashed
blue line of Fig. 2(c)]. The molecules are represented
as rigid rotors with hyperfine structure that interact
through dipole-dipole interactions and undergo photoin-
duced loss at short range, modeled by an absorbing
boundary condition. The scattering calculations capture
both the high loss rate on resonance, exceeding three
times the s-wave unitarity limit, and the slow decrease
with detuning: even at |δfinal|ΩR/2pi≈ 2 kHz, the loss
is significantly higher than the universal loss rate, ob-
tained without microwave dressing. However, the exper-
imentally observed loss decreases even more slowly with
detuning than for c.c. calculations that include only σ+
polarization. We attribute this to the pi and σ− com-
ponents of the microwave field [47]. On the σ+ reso-
nance, these field components address far-detuned hyper-
fine transitions, and their effect can be neglected. Away
from resonance, however, these field components should
contribute comparably and hence double the effective
Rabi frequency [47]. This effect is also incorporated into
the Condon approximation, resulting in the red dashed
line in Fig. 2(c). The adjusted Condon approximation
matches the experiment at higher detunings.
The dressing-induced collisions are affected by hyper-
fine interactions that shift the “spectator states” relative
to the state used for microwave dressing. Recall that
the maximum strength of resonant dipolar interactions
is given by the full transition dipole matrix element of
the dressed transition. This requires reorientation of the
molecules along their intermolecular axis and thus inclu-
sion of the relevant |J,mJ〉 states, typically split by the
hyperfine interaction. Hence, resonant interactions take
full effect when the dipole-dipole interaction is large com-
pared to the hyperfine splittings.
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FIG. 4. Hyperfine-state-dependent interactions, calculated
at 129 G. (a) The short-range loss, which occurs when the
incoming molecules reach the absorptive boundary condition
that models photoinduced loss, is strongest for the lowest hy-
perfine state |f〉, whereas excited hyperfine states have larger
inelastic loss (shown in (b)) due to transitions to different
field-dressed levels and hyperfine states. The single-channel
unitarity limit is shown as the dotted line.
Though here the microwave dressing was on the low-
est J = 1 state, the choice to dress on a higher hyperfine
state would affect the induced collision rates. Potential
curves for dressing on states higher than |f〉 exhibit many
crossings rather than approaching an isolated attractive
resonant dipole-dipole potential [47], leading to slower
scattering rates for reaching short range [Fig. 4(a)]. Ad-
ditionally, nonadiabatic transitions into lower-lying hy-
perfine states may increase the inelastic losses of the re-
flected flux to hyperfine states other than the initial chan-
nel, compared to the case of dressing on |f〉 [Fig. 4(b)].
State-dependent resonant dipolar interactions induced
by microwave dressing, found here, will enrich applica-
tions of polar molecules in quantum computation and
simulation of many-body physics [1–4]. The character-
istic range RC where the resonant dipolar collision oc-
curs is directly controlled by the microwave detuning.
This range can easily reach the typical spacings in opti-
cal lattices, ∼ 500 nm, enabling dipolar exchange energies
to dominate over all other relevant energy scales in the
system. Here we observed dressing through collisional
losses, but under appropriate conditions (e.g., molecules
trapped in a repulsive optical “box” potential) the short-
range photo-induced losses should not occur. In such
situations, microwave and electric field dressing can lead
to strong elastic scattering, offering a powerful technique
to tune intermolecular interactions. Understanding and
harnessing such interactions in ultracold polar molecules
will be crucial for the creation of novel phases of matter,
including topological superfluidity [25].
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8I. MICROWAVE SWEEP FOR COLLISION RATE MEASUREMENTS
For the measurements of the collision rate, the microwave field is adiabatically swept from far off resonance to the
final detuning. The field is generated by mixing a fixed microwave frequency source at ωMW = 5.573 379 GHz with a
programmable radio-frequency source at ωRF. The radio-frequency source is tuned so the higher-frequency sideband
ωMW +ωRF is initially δinitial away from the |g1〉 → |f〉 resonance, ending at a detuning of δfinal after a linear sweep
lasting 4 ms. δinitial is typically 12 kHz below δfinal. The carrier frequency and the lower sideband are more than
70 MHz detuned from any rotational transitions, and are not expected to play any role in the dynamics.
The radiation characteristics of the microwave antenna were empirically determined via microwave spectroscopy.
Rotational transitions were driven to multiple hyperfine states in J = 1, and the microwave absorption features were
scaled to match the line strengths determined by a theoretical model of the single-molecule Hamiltonian [38]. The
resulting radiation has an estimated 50% pi, 25% σ+, and 25% σ− character.
II. COUPLED-CHANNELS CALCULATIONS
Section II A gives a brief description of the single molecule Hamiltonian, Hˆ(X); see the supplement of Ref. [34] for
more details. The Hamiltonian for the pair of colliding molecules is given by
Hˆ = − ~
2
2µ
d2
dR2
+
~2Lˆ2
2µR2
+ Hˆ(A) + Hˆ(B) + Vˆdip−dip(R). (S1)
The first two terms correspond to the radial and centrifugal parts of the relative kinetic energy. The last term represents
the interaction between the two molecules, for which we use the dipole-dipole interaction. This describes dipole-dipole
interactions induced by microwave dressing, but also the dominant interaction in the absence of microwaves: the van
der Waals (rotational dispersion) interaction, which arises in second order from dipole-dipole coupling to the first
rotationally excited state. The resulting adiabatic potential curves are analyzed in Sec. III.
The coupled-channels equations are solved numerically using the renormalized Numerov algorithm of Ref. [51]. This
method yields two linearly independent sets of solutions, and subsequently any desired boundary condition can be
imposed. The boundary conditions chosen are the usual S-matrix boundary conditions at long range, and a fully
absorbing boundary condition at short range. The short-range boundary condition is imposed at Rmin = 50 a0, but
the calculated rates are independent of where precisely the short-range boundary condition is imposed, as long as
Rmin is small compared to the remaining length scales in the problem. In the absence of microwaves, the dominant
interaction is rotational dispersion which acts on a length scale R
(rot)
vdW = (2µC6/~2)1/4 = 491 a0, whereas resonant
dressing induces dipole-dipole interactions for which Rdip = d
2
0/6(4pi0~2) = 1.1 × 104 a0. The main physical idea
is that microwave dressing affects the interactions experienced by the ground-state molecules. Inducing long-range
dipole-dipole interactions and suppressing the p-wave centrifugal barrier increase the flux of molecules that reach short
range, which leads to increased loss of molecules that is measured experimentally.
The coupled-channels calculations use uncoupled basis sets of the form
|JAmJA〉|IA1mIA1 〉|IA2mIA2 〉|JBmJB 〉|IB1mIB1 〉|IB2mIB2 〉|LML〉|N〉, (S2)
which describe the rotational state and nuclear spin for both molecules, the relative angular momentum of the colliding
molecules L, and the microwave photon number N . These functions are adapted to permutation of identical molecules
as is described in Ref. [34]. The basis sets are truncated as follows: We include functions with J = 0 and 1, L = 1, 3, 5,
and N = N0, N0− 1, N0− 2. The nuclear spin states included have mIK = −4 + ∆mIK and mINa = 3/2 + ∆mINa with
|∆m| ≤ 2.
In this work, we calculate two-body loss rates by explicitly thermally averaging cross sections obtained from coupled-
channels calculations. This is described in Sec. II B, and differs from the simpler approach used in Ref. [34].
A. Single-molecule Hamiltonian
The molecules are modeled as rigid rotors with a dipole moment. The monomer Hamiltonian of molecule X is thus
given by
Hˆ(X) = BrotJˆ
2 + Hˆ
(X)
MW + Hˆ
(X)
hyperfine. (S3)
9TABLE I. Molecular constants of 23Na40K used in this work, from Refs. [19, 52].
Brot 2.8217 GHz
d0 2.72 Debye
α2 435 a
3
0 [54]
i(1) 3/2
i(2) 4
(eQq)(1) -187 kHz
(eQq)(2) 899 kHz
c1 117.4 Hz
c2 -97 Hz
c3 48.4 Hz
c4 -409 Hz
gr 0.0253
g1 1.477
g2 -0.324
The first term describes the rigid rotor’s rotational kinetic energy, with rotational constant Brot.
The second term in Eq. (S3) represents the interaction with a microwave electric field
Hˆ
(X)
MW = −
EMW√
N0
[
dˆ(X)σ aˆσ + dˆ
(X)†
σ aˆ
†
σ
]
+ ~ωaˆ†σaˆσ. (S4)
Here, a†σ and aσ are creation and annihilation operators for photons with polarization σ and angular frequency ω.
The microwave electric field strength is given by EMW = ~Ω/2dg1,f , and N0 is the reference number of photons.
Ω ≡ ΩR is the Rabi frequency. The dipole operator has spherical components σ = 0,±1 which are related to the
Cartesian components by dˆ
(X)
0 = dˆ
(X)
z and dˆ
(X)
±1 = ∓
(
dˆ
(X)
x ± idˆ(X)y
)
/
√
2, corresponding to polarizations pi and σ±.
The actual polarization in the experiment is estimated from the relative strength of various microwave transitions.
This polarization is at an angle to the magnetic field direction, which breaks the cylindrical symmetry in the system.
To simplify the calculations, we include only the σ+ polarization component that should be dominant close to the
σ+ resonance used for dressing. As discussed in Sec. I and the main text, the effect of the remaining components
is not negligible away from resonance, and will result in a larger effective Rabi frequency and correspondingly faster
losses for large detuning. This increase of the scattering rate at large detuning is also found in the analytical Condon
approximation, discussed in Sec. IV.
The last term in Eq. (S3) represents the hyperfine Hamiltonian [53],
Hˆ
(X)
hyperfine = Hˆ
(X1)
eQq + Hˆ
(X2)
eQq + c1iˆ
(X1) · Jˆ + c2iˆ(X2) · Jˆ +H(X)3 + c4iˆ(X1) · iˆ(X2) + Hˆ(X)Zeeman. (S5)
These describe the interaction between the nuclear quadrupole moment and the internal electric field gradient for both
molecules, spin-rotation couplings, and direct and indirect dipole-dipole couplings. These interactions are described
in more detail in the Supplementary Information to Ref. [34].
Table I summarizes the values of the molecular constants used in this work.
B. Cross sections and rates
The coupled-channels calculations performed here yield S-matrices for the combined set of short-range and long-
range product channels. From the long-range part, we compute cross sections for inelastic scattering from the initial
channel, i, to other hyperfine states or field-dressed levels, f , as
σ
(inel)
i→f =
2pi
k2
∑
L,ML,L′,M ′L
∣∣∣T (LR)f,L′,M ′L;i,L,ML ∣∣∣2 , (S6)
where the T -matrix is given by T = 1− S. We also define a short-range capture cross section
σ(SR) =
2pi
k2
∑
r,L,ML
∣∣∣T (SR)r;i,L,ML∣∣∣2 . (S7)
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Here, (SR) denotes the short-range capture part and the sum over r extends over all adiabatic channels that are
classically allowed at the capture radius, Rmin = 50 a0.
In Ref. [34], scattering calculations were performed at a single energy E = 1 µK, and the energy dependence was
assumed from the threshold behavior for identical bosons.
Here, we consider collisions of identical fermions that undergo p-wave collisions. Furthermore, the microwave
dressing induces interactions that significantly suppress the p-wave centrifugal barrier. Therefore, as a function
of microwave dressing, the energy dependence of the cross sections varies between that expected for p-wave and
barrierless collisions. To account for the energy dependence, we calculate cross sections for 50 logarithmically spaced
energies between 1 nK and 10 µK. Thermal rate coefficients are then calculated by averaging the cross sections over
a Maxwell-Boltzmann distribution,
β =
√
8kBT
piµ
1
(kBT )2
∫ ∞
0
σ(E) exp
(
− E
kBT
)
EdE, (S8)
where the temperature is T = 560 nK.
III. INTERACTION POTENTIALS
A. Dipole-dipole interactions
Here, we consider the dipole-dipole interactions for dressing on resonance (δ = 0) for a σ+ transition. Initially,
we will ignore hyperfine interactions for simplicity. This is appropriate if ~Ω is much larger than typical hyperfine
splittings. Molecules are prepared in the field-dressed ground state, |−〉 = (|J = 0,mJ = 0, N0 = 0〉 − |1, 1,−1〉)/
√
2;
see Fig. 1(a) of the main text. This state has acquired a rotating dipole moment in the lab frame, and the first-order
interaction arises from the time-averaged dipole-dipole interaction
V (1)(R) = 〈− − |Vˆdip−dip(R)| − −〉 = d
2
0
6R3
P2(cos θ), (S9)
where θ is the angle between the intermolecular axis and the lab-frame z axis and P is the Legendre polynomial.
This is the leading interaction for large R, and is an accurate approximation to the full interaction if the dipole-dipole
coupling is weak compared to ~Ω.
In reality, the hyperfine splittings are larger than the Rabi frequencies used here. This means that other hyperfine
states are energetically well separated from the initial state. This includes the “spectator states”, i.e. the mJ
components of the excited states not addressed by the microwaves. For the first-order interaction, the effect of
hyperfine interactions is to reduce the effective dipole moment in Eq. (S9) due to the different nuclear spin state
decomposition in the rotational ground and excited state.
At short R, where the dipole-dipole interaction becomes larger than ~Ω and kBT , the molecular dipole moments
quantize along the intermolecular axis rather than along the microwaves’ polarization direction. The eigenstates of the
dipole-dipole interaction are the body-fixed basis functions, Rˆ [|0, 0〉|1,K〉+ |1,K〉|0, 0〉] /√2
√
2J+1
4pi D
(J)∗
M,K(Rˆ). Here,
Rˆ is the rotation operator that transforms between the space and body-fixed frames, and D(J)M,K is a Wigner D-matrix
element. The good quantum numbers are the total angular momentum J , its space-fixed projection quantum number
M , and the body-referred projection K. The dipole-dipole interactions are +1/3d20R
−3 for K = ±1 and −2/3d20R−3
for K = 0. These are called resonant dipole-dipole interactions as they arise from transition dipole moments for the
resonant rotational excitation and de-excitation of the two molecules. States with both molecules in the ground state
or both in the excited state also exist but experience no dipole-dipole interaction.
Hyperfine interactions result in splittings between the different mJ components in the rotationally excited states.
When large compared to the dipole-dipole interaction, the hyperfine interactions prevent the molecules from quantizing
along the intermolecular axis, which requires mixing of different mJ substates.
B. Adiabatic Potential Curves
Here, we analyze the adiabatic potential curves obtained by diagonalizing the total Hamiltonian excluding radial
kinetic energy at fixed intermolecular distance, R. The scattering calculations do not use the adiabatic representation,
11
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FIG. S1. Adiabatic potential curves for resonant dressing. The lowest p-wave potential is highlighted in color, and the
potential expected for first-order dipole-dipole interactions is shown as the dashed colored line, whereas the remaining adiabats
are shown in gray. The different panels correspond to different hyperfine states and ML as indicated and discussed in the text,
with the case of (b) being relevant to our experimental conditions.
but it is used here as an interpretative tool. Fig. S1 shows plots of the potentials for resonant dressing (δ= 0). Various
adiabatic potential curves are shown as gray lines, whereas the lowest potential is highlighted in color. The dashed
colored line shows the potential expected for first-order dipole-dipole interactions, i.e. the interaction between the
space-fixed rotating dipoles induced by the microwave dressing. The adiabats shown are obtained for resonant dressing
with Ω/2pi = 2 kHz. The experimental temperature of 560 nK corresponds to a kinetic energy of 12 kHz. In the
absence of microwaves, the interaction is dominated by rotational dispersion, which leads to a p-wave centrifugal
barrier of 200 kHz. The four panels are discussed below.
Fig. S1(a) shows the adiabatic potential curves excluding hyperfine interactions. This leads to five thresholds |++〉,
| + 0〉, |00〉 and | + −〉, | − 0〉, and | − −〉, which are split by half the Rabi frequency each. Here, |0〉 represents a
“spectator state.” Each threshold shows multiple adiabatic potential curves, which correspond to the partial waves
L = 1, 3, and 5, included here. Dipole-dipole couplings to the nearby field-dressed levels exist, and are given in
Tab. II. At long range, where the dipole-dipole interaction is weak compared to ~Ω, these couplings can be neglected
and the interaction for the lowest adiabat is given by the first-order dipole-dipole interaction, 〈−−|Vˆdip−dip|−−〉.
At short range, where the dipole-dipole interaction is much stronger than ~Ω, the lowest adiabat approaches the
attractive K = 0 resonant dipole-dipole potential, −2/3 d20/R3. As discussed in the main text, for large detunings,
the transition between these regimes occurs at the Condon point where this resonant dipole-dipole interaction is
resonant with the detuning. For large detuning, this means that the dipole-dipole interaction is also strong compared
to the Rabi frequency, which then acts perturbatively, leading to a narrow avoided crossing. On resonance, for which
the potentials are shown in Fig. S1, the same transition occurs more gradually as the dipole-dipole interaction grows
to be comparable to, and at some point dominant over, ~Ω as R decreases when approaching short range. This
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FIG. S2. A version of Fig. S1 showing detail at shorter distances.
results in a significantly suppressed p-wave centrifugal barrier, when compared to the barrier expected for first-order
dipole-dipole interactions, which is shown as the dashed line.
Fig. S1(b) shows the adiabatic potential curves including hyperfine interactions for dressing on the lowest hyperfine
transition, |0, 0,−4, 3/2〉 → |1, 1,−4, 3/2〉. A qualitative difference with the hyperfine-free case is that the thresholds
corresponding to molecules in “spectator states”, |0〉, appear to be missing. These spectator states correspond to
different hyperfine states, which are split by tens of kHz. Hence, the lowest adiabat approaches the attractive K = 0
resonant dipole-dipole potential only at shorter R.
Panel S1(c) shows the adiabatic potential curves for dressing with an excited hyperfine transition, |1,−1,−2, 3/2〉.
The interactions within the nearly degenerate subset shown are weaker, due to the smaller transition dipole moment.
Because here we are dressing with an excited hyperfine state, some hyperfine states occur below the initial threshold.
Many curve crossings occur near R = 5 000 a0, where the Condon point otherwise occurs, and the adiabatic potential
does not approach an isolated −2/3 d20/R3 curve in this case. The curve crossings also lead to additional losses
through inelastic transitions. These effects can be seen in Fig. 4 of the main text, which shows calculated loss rates
due to molecules reaching short range or inelastic transitions for various hyperfine states. It should be noted that at
short range, the density of adiabatic potential curves becomes very high and the interpretative power of the lowest
adiabatic potential is lost. The particular curve highlighted in solid orange is obtained by diabatically following the
lowest initial adiabat inwards through narrowly avoided crossings.
Panels S1(a-c) show adiabatic potential curves for ML = 1, for which the dipole-dipole interaction induced by
dressing on σ± transitions is attractive. Panel S1(d) shows dressing for the same lowest σ+ transition as is shown in
S1(b), but now for ML = 0. In this case, the first-order dipole-dipole interaction is completely repulsive. However, the
lowest adiabatic curve contains only a small barrier that is well below the thermal kinetic energy of 12 kHz. Hence,
contrary to expectations from only first-order dipolar interactions, ML = 0 collisions can occur essentially without
a barrier and add to the total scattering cross section by about one unitarity limited channel, giving rise to the fast
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FIG. S3. Centrifugal barriers for f -wave collisions, L = 3 |ML| > 1, are highlighted in color for dressing on the lowest hyperfine
transition, |0, 0, 3/2,−4〉 → |1, 1,−4, 3/2〉. Remaining adiabats for ML = −3 are shown in gray for reference. The resulting
barriers are comparable to kBT/h = 12 kHz, such that f -wave collisions contribute significantly to the loss.
TABLE II. List of the states of the dimer where both molecules are in the field-dressed ground state, |−〉, excited state, |+〉, or
one of the spectator states |0〉 ≡ |J = 1,mJ = 0〉 and |0¯〉 ≡ |J = 1,mJ = −1〉. This lists dipole-dipole coupling to the ground
state, | − −〉, and energy with respect to this state. This table is valid on resonance, δ = 0, and does not include Zeeman or
hyperfine interactions that increase the energy of the spectator states |0〉 and |0¯〉. C`,m(Rˆ) is a Racah-normalized spherical
harmonic depending on the lab-fixed polar angles of the intermolecular axis.
state 〈− − |Vˆdip−dip|state〉 ∆E
|+ +〉 − d20
6R3
C2,0(Rˆ) 2~Ω
(|0¯−〉+ | − 0¯〉) /√2 d20√
6R3
C2,2(Rˆ)
3
2
~Ω
(|0−〉+ | − 0〉) /√2 d20√
12R3
C2,1(Rˆ)
3
2
~Ω
|+−〉 0 ~Ω
|00〉 0 ~Ω
(|0¯−〉+ | − 0¯〉) /√2 − d20√
6R3
C2,2(Rˆ)
1
2
~Ω
(|0−〉+ | − 0〉) /√2 − d20√
12R3
C2,1(Rˆ)
1
2
~Ω
| − −〉 d20
6R3
C2,0(Rˆ) 0
collisional loss observed in this work.
Fig. S2 shows a zoomed-in version of Fig. S1.
Similarly, we find that the centrifugal barriers are significantly suppressed for L = 3 and |ML| > 1. The resulting
f -wave centrifugal barriers, shown in Fig. S3, are comparable to kBT and are suppressed to an order of magnitude
below the p-wave centrifugal barrier in the absence of microwaves.
C. Simplified potentials
As we show in Fig. S4, the potential curves evolve with increasing red detuning towards the simpler two-state
picture presented also in Fig. 3 of the main text. In this limit, a simple analytical treatment of the losses is possible.
To prepare for this, let us here derive simplified potentials obtained for fixed orientation of the intermolecular
axis, Rˆ, at an angle θ with respect to the laboratory z axis, in which frame the microwave polarization is defined.
We consider states for a pair of colliding molecules and the microwave field. The bare ground state is denoted as
|jAmA, jBmB〉|N −N0〉 = |00, 00〉|0〉. In addition we consider the following nearly degenerate states, |00, 1 −1〉s|−1〉,
|00, 1 0〉s|−1〉, and |00, 1 1〉s|−1〉, at energy−~δ, and |1−1, 1−1〉s|−2〉, |1−1, 1 0〉s|−2〉, |1−1, 1 1〉s|−2〉, |1 0, 1 0〉s|−2〉,
|1 0, 1 1〉s|−2〉, and |1 1, 1 1〉s|−2〉, at energy −2~δ. The subscript s denotes symmetrization with respect to exchange
of the two molecules. A σ+-polarized microwave field couples |00〉|N〉 and |11〉|N − 1〉 at a strength parameterized by
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FIG. S4. Evolution of potential curves for increasing red detuning and ML = 1, neglecting hyperfine interactions. The
simplified two-state picture discussed in the main text emerges for detunings |δ| > ΩR. The dashed lines for δ = −10 kHz show
the diabatic curves of Fig. 3(b) of the main text, given by the centrifugal potential for the incoming state and −~δ − 2d20/3R3
for the attractive potential curve.
the Rabi frequency, Ω. Dipole-dipole interactions occur between states with the same microwave photon number and
opposite parity for both molecular states. Hence, within the nearly degenerate manifold, dipole-dipole coupling occurs
only between the singly excited states. Together, this leads to the following matrix representation of the Hamiltonian
H =

0 0 0 ~Ω/
√
2 0 0 0 0 0 0
0 13
d20
R3C2,0(Rˆ)− ~δ 1√3
d20
R3C2,1(Rˆ)
√
2
3
d20
R3C2,2(Rˆ) 0 0 ~Ω/2 0 0 0
0 − 1√
3
d20
R3C2,−1(Rˆ) − 23 d
2
0
R3C2,0(Rˆ)− ~δ − 1√3
d20
R3C2,1(Rˆ) 0 0 0 0 ~Ω/2 0
~Ω/
√
2
√
2
3
d20
R3C2,−2(Rˆ)
1√
3
d20
R3C2,−1(Rˆ)
1
3
d20
R3C2,0(Rˆ)− ~δ 0 0 0 0 0 ~Ω/
√
2
0 0 0 0 −2~δ 0 0 0 0 0
0 0 0 0 0 −2~δ 0 0 0 0
0 ~Ω/2 0 0 0 0 −2~δ 0 0 0
0 0 0 0 0 0 0 −2~δ 0 0
0 0 ~Ω/2 0 0 0 0 0 −2~δ 0
0 0 0 ~Ω/
√
2 0 0 0 0 0 −2~δ

.
(S10)
Because there are no dipole-dipole interactions among the doubly excited states, and the microwave field couples the
ground state only to m = +1 excited states, doubly excited states with mA and mB 6= +1 are completely uncoupled
and can be removed from the basis. This results in
H =

0 0 0 ~Ω/
√
2 0 0 0
0 13
d20
R3C2,0(Rˆ)− ~δ 1√3
d20
R3C2,1(Rˆ)
√
2
3
d20
R3C2,2(Rˆ) ~Ω/2 0 0
0 − 1√
3
d20
R3C2,−1(Rˆ) − 23 d
2
0
R3C2,0(Rˆ)− ~δ − 1√3
d20
R3C2,1(Rˆ) 0 ~Ω/2 0
~Ω/
√
2
√
2
3
d20
R3C2,−2(Rˆ)
1√
3
d20
R3C2,−1(Rˆ)
1
3
d20
R3C2,0(Rˆ)− ~δ 0 0 ~Ω/
√
2
0 ~Ω/2 0 0 −2~δ 0 0
0 0 ~Ω/2 0 0 −2~δ 0
0 0 0 ~Ω/
√
2 0 0 −2~δ

(S11)
in the basis {|00, 00〉, |00, 1 − 1〉s, |00, 1 0〉s, |00, 1 + 1〉s, |1 − 1, 1 1〉s, |1 0, 1 1〉s, |1 1, 1 1〉s} where the microwave photon
number is implicit.
For large detuning, |δ|  Ω, the Rabi coupling can be treated perturbatively, and its effect will be significant
where the resonant dipole-dipole interaction compensates for the detuning. Therefore, the doubly excited channels
can be ignored, leading to a 4× 4 problem. The resonant dipole-dipole interaction is most conveniently described in
the body-fixed frame, which has the z axis along the intermolecular frame. Body-referred states with projection of
15
angular momentum onto the intermolecular axis K are given by
Rˆ|00, 1K〉s = Rˆ [|00, 1K〉+ |1K, 00〉] /
√
2. (S12)
These are eigenstates of the dipole-dipole interaction
Vˆ Rˆ|00, 1K〉s = Rˆ|00, 1K〉s ×
{
+d
2
3 R
−3 for K = ±1,
− 2d23 R−3 for K = 0.
(S13)
In the body-fixed frame, the effective Rabi coupling depends on the orientation of the intermolecular axis with respect
to the lab frame, in which the microwave polarization σ is defined,
Rˆ†dˆσRˆ =
∑
κ
D(1)∗σ,κ (Rˆ)dˆκ. (S14)
This leads to the Hamiltonian
H =

0 ~Ω
√
2D
(1)∗
1,+1(Rˆ) ~Ω
√
2D
(1)∗
1,0 (Rˆ) ~Ω
√
2D
(1)∗
1,−1(Rˆ)
~Ω
√
2D
(1)
1,1(Rˆ)
d20
3 R
−3 − ~δ 0 0
~Ω
√
2D
(1)
1,0(Rˆ) 0 − 2d
2
0
3 R
−3 − ~δ 0
~Ω
√
2D
(1)
1,−1(Rˆ) 0 0
d20
3 R
−3 − ~δ
 (S15)
The K = ±1 states experience repulsive resonant dipole-dipole interactions, and at each fixed θ one “bright” (mi-
crowave coupled) and one “dark” (microwave uncoupled) state combination can be found. The K=0 excited state
experiences attractive resonant dipole-dipole interactions, and the Rabi coupling to this state is most significant at the
Condon point, RC = (−2d20/3~δ)1/3, where it crosses the flat ground-state potential, leading to an avoided crossing.
IV. CONDON APPROXIMATION
Here, we consider analytically the loss rate for large detuning δ  Ω and excluding hyperfine interactions. The
relevant potential curves are discussed in the main text and Fig. 3(b). The ground state, |g〉 = |00, 00〉|LML〉, experi-
ences essentially no dipole-dipole interactions, and its potential is given by the centrifugal term and the background
vdW interaction. This potential is crossed by the excited state,
|f, JM〉 = Rˆ [|0, 0〉|1, 0〉+ |1, 0〉|0, 0〉] /
√
2
√
2J + 1
4pi
D
(J)∗
M,0 (Rˆ). (S16)
The excited state experiences attractive resonant dipole-dipole interactions and the potential is given by −~δ −
2/3 d20/R
3. These potentials cross at the Condon point
RC =
(
2d20
3~δ
)1/3
, (S17)
neglecting the ground state potential. Finally, the ground and excited states are coupled by the microwave field
〈f, JM |HˆMW|g〉|LML〉 = ~Ω
√
3
2d0
〈f, JM |dˆσ|g〉|LML〉
= ~Ω/
√
2
√
2L+ 1
2J + 1
〈LML1σ|JM〉〈L010|J0〉, (S18)
where σ = +1, 0, or −1 for σ+, pi, or σ− polarized microwaves.
We assume losses occur with unit probability on the attractive excited state potential, where the molecules can
reach short range, and that non-adiabatic transitions to the excited state occur only at the Condon point [44, 45, 50].
The loss rate is given by
β =
2pi~
µ
∑
L,ML,J,M
〈
1
k
|Sf,JM ;g,LML |2
〉
, (S19)
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where k is the incoming wavenumber, the angular brackets indicate an ensemble average, and the squared S-matrix
element is given by
|Si;j |2 = 4pi2|〈Ψi|HˆMW|Ψj〉|2, (S20)
where |Ψi〉 denotes an energy-normalized scattering state in channel i. The angular part of the matrix element above
is given in Eq. (S18). The square of Eq. (S18) summed over J , M , and ML amounts to Ω
2/2, regardless of the
polarization of the microwave field, σ. Hence, we obtain for the loss rate coefficient
β =
4pi3Ω2~
µ
∑
L
〈
1
k
|〈ψe|ψg〉|2
〉
. (S21)
The Franck-Condon factor can be computed in the reflection approximation [44, 45, 50],
|〈ψe|ψg〉|2 = |ψg(RC)|2/DC, (S22)
and depends only on the ground state wavefunction and the difference in potential slope at the Condon point
DC =
∣∣∣∣d (Vg − Ve)dR
∣∣∣∣
RC
= 2d20R
−4
C , (S23)
where we have neglected the background vdW interaction and the difference in centrifugal kinetic energy. Neglecting
the background vdW interaction, the energy-normalized ground state radial wavefunction is given by
ψg(R) = Rjl(kR)
√
2µk
pi
(S24)
where jl is the spherical Bessel function of the first kind. Combining the above, we obtain the loss rate given in
Eq. (1) of the main text, and repeated here for completeness
β = 4pi2~Ω2RR6C〈jl(kRC)2〉/d20
=
16pi2
9~
〈jl(kRC)2〉 d20
(
ΩR
δ
)2
(S25)
This expression does not include short-range loss of flux remaining in the ground-state potential, i.e., the universal
p-wave loss, which has been added in Fig. 2(c) of the main text.
The loss rate in the Condon approximation, Eq. (S25), is independent of the polarization of the microwave field.
Therefore, we can account for the 50 % pi and 25 % σ− polarization components simply by increasing the effective
Rabi frequency fourfold. The resulting loss rate is shown as the red-dashed line in Fig. 2(c) of the main text.
